A large spectrum of beneficial health properties has been attributed to olive leaves. This study was undertaken to characterize the bioactive compounds of commercial olive leaf extracts and olive leaves and their infusions. High variability of bioactive compounds was found among commercial samples. Polyphenol was detected in a range of 44-108 g kg −1 and 7.5-250 g kg −1 for olive leaves and olive leaf extracts, respectively. The main phenol was oleuropein, representing 74-94% of total phenols. However, only 17-26% of polyphenols were diffused to the aqueous phases when olive leaf infusions were prepared. Triterpenic acids were found in a range of 26-37 g kg −1 in olive leaves, but not detected in the infusions.
Introduction
The leaves of the olive tree (Olea europaea L.), native to the Mediterranean basin, have been widely used as a folk remedy in traditional medicine. Nowadays, olive leaves (OL) can be considered as a by-product of olive farming and processing. The pruning and olive harvesting for the production of olive oil and table olives generate a considerable volume of OL, used by some industries to obtain natural products rich in bioactive compounds for food additives, dietary supplements, cosmetic and nutraceutical purposes. [1] [2] [3] For many centuries, olive leaves and their extracts have been associated with preservation and health. Egyptians employed OL in the mummification process as a good preservative, 4 and they also have been used in folk medicine to combat fevers and other diseases, such as malaria. 5 In recent times, a large spectrum of beneficial health properties in vitro and in vivo have been attributed to OL and their extracts, including an important antioxidant effect, 6, 7 antihypertensive activity, 8 lower body mass and fat storage, 9 and hypoglycemic effect. 10 Several studies have also disclosed that olive leaf extracts (OLE) possess antimicrobial activity against certain bacteria, 11 fungi 12, 13 and viruses. 14 In addition, OLE has been related to the activity of cells involved in the inflammatory response. 15, 16 Furthermore, OL have been attributed with an anti-cancer inhibitive effect on tumor necrosis factor, 17 anti-proliferative and pro-apoptotic properties. 18 The antioxidant compounds from OL can increase the shelf life of food products by retarding the process of lipid peroxidation. 19, 20 Therefore, olive leaf extracts have been investigated as an additive supplement to improve the quality and stability of meat products 21, 22 and vegetable oils. 23, 24 OL are rich in bioactive substances such as phenolic compounds, triterpenic acids and sugars. 25, 26 The main active phenolic constituent in OL is the bitter compound oleuropein, which can constitute up to 6-9% of leaf dry matter 27 which has been intensively studied for its promising results/effects on human health. 4, [28] [29] [30] Hydroxytyrosol and their glucosides are other components of OL with several biological activities. 6, 31 In addition, the surface of OL contains a high concentration of triterpenes, especially oleanolic and maslinic acids. 32, 33 Both contribute to the valorization of this byproduct given the promising beneficial properties attributed to them, such as a potent antimicrobial, anti-tumor, anti-inflammatory, anti-HIV effect, among other activities. 10, [34] [35] [36] Moreover, olive leaves contain a high concentration of sugars, especially as a good source of mannitol, a bioactive substance with beneficial properties for health. The extraction of mannitol from olive leaves with ethanol has been studied for pharmaceutical purposes. 37 Nowadays, there has been a growing interest in the research, development, and commercialization of functional foods, nutraceuticals and dietary supplements from natural sources in order to promote health benefits. 38 OL are increasingly important as an herbal remedy and they are commercialized in the pharmaceutical market at premium prices as intact leaves or extracts. Considering the industrial interest for bioactive substances from natural sources, this study was undertaken to characterize the bioactive compounds of several commercial OLE and dried OL, as well as their infusions. The identification by HPLC of phenolic and oleosidic compounds, triterpenic acids, sugars and the antimicrobial activity of OL products against S. aureus is the goal of this study.
Materials and methods

Samples and infusion preparation
Ten samples of commercial olive leaves (L1-L10), seven olive leaf extract powders (E1-E7) and four liquid olive leaf extracts (E8-E11) were purchased from different herbalists or parapharmacies all over the world (Table S1 †). All samples were kept at room temperature until analysis.
Commercial olive leaves (1.7 g) were placed in tea bags and infused with a cup of boiling water (240 mL) for an olive leaf infusion preparation (I1-I10). The mixture rested for five minutes before removing the bag. The infusions were performed in duplicate and preserved at −40°C for further analysis.
Analysis of phenolic compounds
The extraction of phenolic compounds from leaves and solid leaf extract was based on the methodology reported elsewhere. 26 Around 2 g of cut leaves or extract powder were mixed with 30 mL of dimethyl sulfoxide (DMSO) and homogenized with an Ultra-Turrax equipment (Ika, Breisgau, Germany). After 30 minutes of resting contact, the mixture was centrifuged at 9000g for five minutes and 0.25 mL of the supernatant was diluted with 0.5 mL of DMSO plus 0.25 mL of 0.2 mM of syringic acid in DMSO as internal standard.
The analysis of phenolic compounds from olive leaf infusion and liquid leaf extracts were carried out as described elsewhere. 39 Olive leaf infusions were previously acidified with phosphoric acid. An aliquot of 250 µL of infusion was mixed with 500 µL of deionized water and 250 µL of syringic acid (0.2 mM) in water as internal standard.
All samples were filtered through a 0.22 μm pore size nylon filter, and an aliquot (20 μL) was injected into the chromatograph. The chromatographic system consisted of a Waters 717 plus autosampler, a Waters 600 E pump, a Waters column heater module, and a Waters 996 photodiode array detector operated with Empower 2.0 software (Waters Inc.). A 25 cm × 4.6 mm i.d., 5 μm, Spherisob ODS-2 (Waters, Inc.) column, at a flow rate of 1 mL min −1 and a temperature of 35°C, was used in all analyses. The separation was achieved by gradient elution using water ( pH 2.5 adjusted with phosphoric acid) and methanol. 40 Phenolic and oleosidic compounds were monitored at 280 and 240 nm respectively. The evaluation of each compound was performed using a regression curve with the corresponding standard. Hydroxytyrosol (Hy) and verbascoside were purchased from Extrasynthese SA (Genay, France). Tyrosol (Ty), caffeic and p-coumaric acids were purchased from Sigma Chemical Co. (St Louis, MO, USA). Hydroxytyrosol 1-O-glucoside (Hy1Glu) was quantified using the response factors of Hy. Hydroxytyrosol 4-O-glucoside (Hy4Glu), ligustroside, the dialdehydic form of decarboxymethyl elenolic acid linked to hydroxytyrosol (HyEDA), oleoside, secoxyloganin, secologanoside and oleoside 11-methyl ester were obtained by semi-preparative HPLC. 39, 41 Samples were analyzed in duplicate.
Analysis of triterpenic acids
Triterpenic acids of olive leaves and solid olive leaf extracts were analyzed as described by Romero et al. 33 Olive leaves were triturated in an Ultra-turrax to obtain a homogenized powder. Olive leaf powder or extract (0.5 g) was mixed in a 10 mL centrifuge tube with 4 mL methanol-ethanol (1 : 1, v/v) and vortexed for one minute, centrifuged at 9000g for five minutes at 20°C, and the solvent was separated from the solid phase. This step was repeated six times, and the pooled solvent extract was vacuum evaporated. The residue was dissolved in 2 mL methanol, which was filtered through a 0.22 μm pore size nylon filter and an aliquot (20 μL) was injected into the liquid chromatograph.
The extraction of triterpenic acids from olive leaf infusion and liquid leaf extract was performed using ethyl acetate as described by Romero et al. 32 Samples (0.8 mL) were mixed with 2 mL of solvent, vortexed for one minute, centrifuged at 9000g for five minutes and the ethyl acetate was separated from the liquid sample. This step was repeated six times. Subsequently, the pooled solvent extract was vacuum evaporated and the residue dissolved in 0.8 mL of methanol, which was filtered through a 0.22 μm pore size nylon filter, and an aliquot (20 μL) was injected into the liquid chromatograph.
The chromatographic system and column were the same as those used for the phenolic compound analysis. The mobile phase (methanol-acidified water with phosphoric acid at pH 3.0; 92 : 8, v/v) was delivered to the column at a flow rate of 0.8 mL min −1 . Oleanolic and maslinic acids were monitored at 210 nm and quantified using external standards (Sigma).
Analysis of sugars
The concentrations of reducing sugars were determined by HPLC according to the methodology described by Romero et al. 26 Briefly, homogenized olive leaves or solid leaf extracts (1 g) were mixed with 20 mL of boiling water and vortexed for one minute, kept in an ultrasonic bath for three minutes, vortexed again for one minute, and the mixture was centrifuged at 9000g for five minutes. The mixture was filtered through filter paper using a vacuum, and another 20 mL of hot water were added and filtered again. The filtrate was then transferred to a 50 mL volumetric flask containing 2 mL of sorbitol as internal standard (7.5%, w/v) and made up to volume. The solution was kept at 5°C for 24 hours to remove lipids and subsequently filtered through a 0.22 μm pore size nylon filter. Two milliliters of the clarified liquid were put into contact with 1 g of the acidic resin Amberlite IR-120 and 1 g of the basic resin Amberlite IRA-93. Likewise, 0.5 mL of a sample of olive leaf infusion and aqueous extract were mixed with 1.5 mL of sorbitol (0.5%) before the resins treatment. Samples were shaken occasionally for 30 minutes. Then, 1 mL of the solution was centrifuged at 9000g for three minutes and filtered through a 0.22 μm pore size nylon filter. An aliquot of 20 μL was injected into the chromatograph. The HPLC system consisted of a Waters 2695 Alliance with a pump and autosampler included; the detection was performed with a Waters 410 refractive index detector. A Rezex RCM-Monosaccharide Ca+ (8%) column (300 × 7.8 mm i.d., Phenomenex) held at 85°C and deionized water as eluent at 0.6 mL min −1 were used as described by Medina et al. 39 
Antimicrobial assays
A cocktail of strains of Staphylococcus aureus (CECT 86, 240, 86 and 975) was chosen for testing the antimicrobial effect of the olive leaf infusions and leaf extracts as they are commonly used in antimicrobial testing. 42 Bacterial strains were obtained from the Spanish Type Culture Collection (Burjasot, Valencia, Spain) and were cultured in nutrient broth prepared with 5 g L −1 of Lab-Lemco powder (Oxoid), 10 g L −1 of neutralized bacteriological peptone (Oxoid), 5 g L −1 of NaCl and 15 g L −1 of agar for solid medium ( pH 7.2). Every target strain was cultured in a nutrient broth from the frozen stock, before testing, and overnight cultures were used for inoculum preparation.
The olive leaves L8 and the leaf extract E8 were selected for the antimicrobial test. The commercial olive leaves L8 were prepared in three different crushing degrees: intact leaves (normal), crushed under a blender (blender) and as a powder by an Ultra-turrax equipment (ultra). Finally, they were infused as described above (section 2.1) and the aqueous phases were inoculated for antimicrobial testing. E8 and its dilution with saline solution was tested at concentrations of 100, 50, 25 and 10%. Saline solution (0.85 g per 100 mL) was selected as positive control. Five milliliters of the sample were inoculated and mixed with 50 µL of an overnight culture of S. aureus diluted with saline solution to obtain an initial population between 6.11 and 6.37 log CFU mL −1 .
The mixture was incubated at room temperature for one and 24 hours. After treatment, culturable survivors were determined by plating these mixtures or corresponding decimal dilutions (0.1% peptone water) on nutrient agar media plating with a Spiral Plater (Don Whitley Sci. Ltd, model WASP 2, Shipley, UK). Colonies were enumerated with an automated counter (Countermat, IUL Instruments, Barcelona, Spain). The antimicrobial test was performed in duplicate.
Panel test
Infusions prepared with olive leaves L8 with the three degrees of crushing (control, blender and ultra-turrax) were organoleptically evaluated by a 13 member non-trained panel in a standardized testing room. The objective was to determine the bitterness and other relevant attributes detected by panelists in order to understand the acceptability of consumption.
Statistical analysis
Statistica software 10.0 (StatSoft, Inc., Tulsa, OK, USA) was used for data analysis. Data were expressed as mean values ± standard deviation. Statistical comparisons of the mean values for each experiment were performed by one-way analysis of variance followed by the Duncan's multiple range test and the differences were considered significant when p < 0.05.
Results and discussion
The phenolic composition of commercial OL and OLE samples is shown in Table 1 . The total polyphenols concentration in OL showed high variability in a range of 44.79-108.27 g kg −1 . Among polyphenols, oleuropein was clearly the major compound representing more than 88-94% of total phenolic compounds. Ligustroside, hydroxytyrosol 1-glucoside and hydroxytyrosol 4-glucoside were also present at significant concentrations, ranging between 2-7%, 2-1% and 0.5-2.5% of total phenolic compounds, respectively. Verbascoside and caffeic acid were found in minor concentrations. It must be noted that these results are in line with those obtained for other authors. 26, 43, 44 In the same way, the variability was highly remarkable for commercial OLE with a wide range for total phenols, between 7.50 and 249.81 g kg −1 . Again, oleuropein was the main phenol, representing more than 84-90% of total polyphenols. This variability in the phenolic composition can be explained by the interaction of the type of cultivar, climate, and the geographic production zone. 45 The harvesting time can also be influential since OL reach their maximum phenolic content in the cold season around December. 26, 43, 44 In addition, the elaboration process, the extraction process and problems with the stability of commercial products contribute to this large heterogeneity in the phenolic composition. 46 Commercial OL also contained a high amount of triterpenic acids that ranged between 25 and 35 g kg −1 as shown in Fig. 1 . The major triterpene was oleanolic acid, which represents up to 79-89%, followed by maslinic acid with 14-20%, both compounds with well-known health properties. Again, the olive cultivar can influence the content of triterpenic acids in the leaves, 37 as well as whether it is picked from the ground or the tree. 33 However, the variability of triterpenic acids (Fig. 1 ) was lower than found for phenolic compounds (Table 1) , probably due to the higher stability of the former substances during the extraction steps than the latter.
Regarding the OLEs, we found that triterpenes were not detected or were present in low concentrations in some of the extracts (E3, E8, E9, E10, E11). Conversely, the rest of the OLEs contained high amounts of triterpenic acids, even reaching more than 50 g kg −1 in the case of E7. As commented above, the raw material determines the final content in the products, but the extraction method employed in the extract's elaboration can also be influential for a good recovery of these bioactive compounds.
Mannitol was the main sugar detected in OL and OLE samples followed by the saccharides sucrose, glucose and fructose in lower concentrations ( Table 2 ). Variation in total sugars concentration was not remarkable for OL, but it was more marked in OLE which presented a range between 8.57-245.9
g kg −1 . The results are in line with those found in Picual, Arbequina and Manzanilla olive leaves, 47 but they found a higher glucose concentration dependent on the cultivar. As commented before, the cultivar and the harvesting season influence the amount of sugars in the OL. 26 Olive leaves can also be a good source of mannitol as a bioactive substance since it presents beneficial properties for health, thus being very useful for pharmaceutical purposes. 37 The concentration of phenolic compounds and sugars in the aqueous phase of OL infusions is shown in Table 3 . First, it must be highlighted that only 12-27% of the initial polyphenol concentration found in OL was diffused to the aqueous phase, with oleuropein being the more abundant phenol. Instead, sugar diffusion was higher. Around 41-80% of sugars in OL were diffused to the aqueous phase because of the high solubility in water of these compounds. In contrast, triterpenic acids were not detected in any of the infusions tested, due to their apolar nature.
The crushing degree of the leaves could be a factor to take into account for a better diffusion of bioactive compounds from the leaves to the water phase of the infusions. For the study of this hypothesis, infusions were made with sample L8 with several crushing degrees: control without an extra crushing, crushed with a blender and with an Ultra-turrax equipment, with an oleuropein concentration of 103, 207 and 466 mg kg −1 , respectively. Therefore, it was observed that the higher the degree of trituration, the greater the amount of phenols diffused into the aqueous phase during the infusion elaboration.
Oleuropein is a phenolic glucoside that confers a bitter taste to the olive infusions and consequently the higher the quantity of this compound, the greater the bitter taste. A panel test was performed with non-trained panelists in order to detect the degree of acceptance of the bitterness in the three infusions prepared with L8 with different crushing degrees. Six out of 13 panelists detected a slightly bitter taste with the infusion prepared with L8 without an extra crushing, and two panelists detected a light astringent taste. However, all of them would consume the product. It must be noted that the L8 infusion had the second highest concentration of oleuropein among the tested olive leaves ( Table 3 ). The bitterness of the infusion with L8 crushed with a blender was more notable. All of the panelists detected the bitter taste and four out of the 13 detected the astringent sensation as well. This increase in bitterness caused 23% of panelists to say they would not consume this product. The infusion made with the ultra-turrax leaves showed a very intense bitter taste accompanied by a more pronounced astringency. The acceptability was less for this case, with 92% of panelists saying they would not consume this product. An antimicrobial test was carried out with these infusions against a cocktail of S. aureus strains (Fig. 2) . None of the infusions exerted any antimicrobial activity against S. aureus after 24 hours of contact, regardless of the degree of trituration. The oleuropein concentration of 466 mg kg −1 (infusion made with ultra-turrax leaves) was not enough high to decrease the initial bacterial population. Conversely, the olive leaf extract E8 had a remarkable antimicrobial activity against the S. aureus cocktail (Fig. 3) . The initial bacterial population decreased by 2 log units in one hour of contact when the extract was diluted at 10% and was more pronounced when concentrations increased. Also, after 24 hours, survivals were detected below the detection limits at all concentrations. Sudjana et al. 11 also reported the antimicrobial activity of OLE against S. aureus and other bacteria as Campylobacter jejuni and Helicobacter pylori and their role in regulating the composition of the gastric microbiota.
However, the olive leaf extract E8 showed a total polyphenol concentration of 11.08 g kg −1 , of which 8.23 g kg −1 corre-sponded to oleuropein (Table 1) . It is worth noting the presence of HyEDA in this extract, at a concentration of 1.05 g kg −1 . This compound has been demonstrated as a powerful antimicrobial polyphenol, found in products derived from olives such as oil or table olives. 48 Medina et al. 49 reported a minimal bactericidal concentration (MBC) of 0.048 g kg −1 of HyEDA against S. aureus, while oleuropein did not show any bactericidal activity at a concentration as high as 10.80 g kg −1 . In addition, the presence of oleoside 11-methyl ester in the extract at a concentration of 218 mg kg −1 (Table S2 †) can contribute to the antimicrobial activity exerted. It has been demonstrated that this compound had bactericidal activity against lactic acid bacteria in Spanish-style green olives. 50 Likewise, other olive by-products have been studied as a natural source of antimicrobial compounds and their use in the food industry, as well as preservatives and nutraceuticals with functional properties. 33 The use of OLE in the food industry can contribute beneficially to a better food preservation due to its high antimicrobial properties. [11] [12] [13] This natural antimicrobial activity can reduce the spoilage microbiota and increase the shelf life of the product, 19 as well as from a food safety point of view by inhibiting foodborne pathogens, 51, 52 or providing beneficial health effects in the gut microbiota of consumers. 11, 30 The antimicrobial activity of OLE has been studied by several authors in order to increase the shelf life of foodstuffs, such as inhibition of lactic acid bacteria and enterobacteria in refrigerated turkeys; 19 reducing S. enterica in leafy greens 51 or against L. monocytogenes in cold-smoked salmon 52 but no correlation was made with any particular compound.
The high variability in the concentration of bioactive compounds found for OLE (Table 1) can be due to various factors such as raw material or the extraction process among others. However, the final composition of the OLE has great importance in order to exert an antimicrobial effect. Our data indicate that the presence of oleuropein at this concentration is not enough to exert antimicrobial activity. Elsewhere, the presence of those phenolic compounds with antimicrobial activity such as HyEDA or oleoside 11-methyl ester could explain the antimicrobial properties of olive leaves.
Conclusions
The beneficial properties of OL have been attributed to their composition, especially to their content in phenolic compounds, triterpenic acids, and sugars. In this study, great variability in the composition of commercial OL and OLE has been observed. The raw material, cultivar, harvesting period or elaboration process have an important role in order to obtain products rich in bioactive compounds. In OL infusions, the diffusion of triterpenic acids is null and the phenolic compounds depend on the trituration degree of the leaves. Some OLE tested exerted a high antimicrobial activity against S. aureus, even when diluted. However, OL infusions did not show any activity regardless of the crushing degree. Further studies will be necessary to improve the elaboration of OL and OLE to increase their amount of bioactive compounds and their use as a potential source of antibacterial compounds for the food and pharmaceutical industry.
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